Introduction

Papers
S
OILS in the tundra and subarctic regions of Canada were first described in 1939 when Feustel and others analyzed samples from northern Quebec, Keewatin and Franklin districts. More recently McMillan (1960) , Beschel (1961) and Lajoie (1954) described soils in the Canadian Arctic Archipelago and in northern Quebec. In the western part of the Northwest Territories only one profile (Leahey 1947) has been described under tundra vegetation, although other soils under forest, mostly unaffected by permafrost, have been described (Leahey 1954 , Day and Leahey 1957 , Wright et al. 1959 ).
In Alaska, Tedrow and Hill (1955) , Drew and Tedrow (1957) , , Douglas and Tedrow (1960) , Hill and Tedrow (1961) and Tedrow and Cantlon (1958) described several groups of soils, weathering processes, and concepts of soil formation and classification in the arctic environment. At least some of the kinds of soil they described in Alaska occur in Canada in a similar environment.
This study was undertaken to investigate the characteristics of soils in a permafrost region under different types of vegetation. The lower Mackenzie River valley is within the area of continuous permafrost (Brown 1960) and both tundra and boreal forest regions are readily accessible from the river. This paper describes soils in three localities, each with a different vegetation, the morphological, chemical, physical and mineralogical characteristics of a number of soil profiles, and the effect of permafrost and vegetation on soil development. The tundra locality at Reindeer Depot is situated on the east channel of the Mackenzie Delta at 68"42'N., 134'07W.; the tundra -boreal forest transition locality at Inuvik is also on the east channel about 30 miles south of Reindeer Depot, at 68"21'N., 133'41'W. and the boreal forest locality at Norman Wells on the Mackenzie River lies about 280 miles southeast of Inuvik at 66"42'N., 126'51W. In all localities permafrost is continuous and only slight differences in climate between them were found.
Methods of investigation
The areas were visited between July 7 and 31, 1960. Observations on landform, topography and vegetation were recorded. The soil morphology was examined in dug pits and is described according to the terminology adopted by the National Soil Survey Committee (1963) . The soil colours observed in the field are described using the Munsell notation.
Samples of soil from the various horizons of each profile were air-dried, ground and passed through a 2-mm. sieve. Soil reaction, organic matter and total nitrogen content, cation-exchange capacity and exchangeable cations, were determined by commonly used methods (Atkinson et al. 1958) . The calcium carbonate equivalent was determined by the method of Skinner et al. (1959) . Free iron was determined by the Coffin (1963) modification of the method of Aguilera and Jackson (1953) .
Particle-size distribution of samples of profiles 1 to 5 were calculated from the fractions prepared for mineralogical analyses, and samples of profiles 6 to 8 inclusive were analyzed by the pipette method (Kilmer and Alexander 1949) modified by using a separate sample for the determination of the organic matter-free, moisture-free, dispersed weight of sample.
The samples examined mineralogically (1 to 5 inclusive) were brought to pH 3.5 to destroy carbonates, washed free of salts, treated with hydrogen peroxide, washed, and dispersed at pH 8.0. They were then separated into sand, coarse, medium and h e silts, and coarse and fine clays by sedimentation and centrifugation. The sand and silt fractions were dried on a water-bath and the clay fractions freeze-dried (Brydon et al. 1963) .
The silts were examined by X-ray powder diagrams and the clays by oriented X-ray diffractometer diagrams and differential thermal analysis.
Climate
Meteorological records for Reindeer Depot are lacking, but are available for 6 years at Inuvik, for 22 years at Aklavik, which is about 40 miles west of Inuvik, and for 10 years at Norman Wells (Dept. of Transport 1954). Adjusted normals were prepared for Inuvik by assuming that the difference between the Inuvik and the Aklavik temperatures over a long period would be the same as during the short period for which data are available for both sites, that the ratio between the long-term averages of total precipitation at these sites would be the same as the ratio of the short-term averages, and that the proportion of the annual precipitation occurring in each month would be the same at both sites.
The data (Table 1) show that Norman Wells is warmer and wetter than Inuvik. On the basis of records for coastal stations (Dept. of Transport 1959) it is inferred that Reindeer Depot has cooler summers and rather lower summer precipitation that Inuvik.
Landform
Tundra at Reindeer Depot
The area examined at Reindeer Depot is on the crest and eastern flank of the Caribou Hills, a ridge paralleling the east channel of Mackenzie River.
The altitude of the ridge is over 500 feet. The landscape to the east of the ridge is generally gently to moderately sloping (2 to 9 per cent) with occasional strongly sloping (10 to 15 per cent) and very strongly sloping (16 to 30 per cent) areas. The crests of slopes are characterized by rough microtopography; roughly circular knolls 2 to 3 feet wide are 1 to 1.5 feet higher than the separating troughs that are about 1 foot wide. The middle of a slope has rougher microtopography and the knolls and troughs tend to be oriented down-slope. Toward the toe of a slope, the downhill face of a knoll is steeper than its uphill face. Depressions between slopes have very gently sloping, level or basin topography and some are characterized by a polygon pattern developed in peat deposits.
Vegetation
The Reindeer Depot area has been assigned to the Forest-Tundra section (Rowe 1959) dominant, with reindeer moss, mountain cranberry, and dwarf birch on the raised centre and grasses in the troughs.
Surficial geology and permafrost
Fine-textured glacial till covers the area to depths of 3 to 4 feet and is underlain by poorly consolidated sands, silts, and gravels (Mackay 1963) of undetermined age. The active layer is thin (6 inches) under the troughs and thick (24 inches) under the knolls, so that its basal face is a mirror image of the ground surface.
Soils
Two sites were selected to represent the main types of soils present.
The first site (profile 1) represents the ridges and upper slopes. It is a microknoll on a 4-per cent south-facing slope near the crest of a ridge about 2 miles east of Reindeer Depot. Soil profile 1 has the following characteristics: 
Description
Litter of twigs and leaves. Reddish-black (10R 2/1) muck. Very dark brown (10YR 3/2) silty clay, very weak, very fine granular; pH 5.5. Very dark greyish brown (1OYR 3/2) friable clay loam; weak, fine granular; a few pebbles; boundary diffuse; pH 5.3. Very dark greyish brown (1OYR 3/2) friable silty clay; moderate, fine granular; noncalcareous; a few pebbles; pH 6.0. Very dark greyish brown (1OYFt 3/2) noncalcareous clay containing a few small pebbles and stones; weak, fine granular; frozen, segregated ice lenses 0.1 to 0.2 inch thick; pH 5.8. Colour and structure as above; pH 6.0.
The other site represents the lower slopes and is also about 2 miles east of Reindeer Depot. This site is a microknoll near the toe of a long 2-per cent east-facing slope. Soil profile 2 has the following characteristics:
Depth Horizon inches
Description
-5
1 Olive-brown (2.5Y 4/4) friable silty clay; moderate to strong, fine granular; pH 4.7. 5 -9 2 Dark greyish brown (2.5Y 4/2) friable clay; moderate to strong, h e granular; yellowish-brown (10YR 5/6) mottles are common, fine and distinct; boundary abrupt and irregular to broken with tongues extending into horizon below; boundary marked by yellowish-brown (1OYFt 5/8) colour; pH 4.7.
sticky; a few smaIl pebbles; yellowish-brown mottles (10YR 5/4) are few, fine and distinct; thickness and depth are variable because of tonguing with horizon above; pH 5. Both profiles are associated with moss-covered raw peat that is frozen at a depth of 7 inches in the troughs between the microknolls.
The depressions downslope from profile 2 are filled with peat having a well-developed raised-center polygonal pattern. The top 10 inches are black muck underlain by frozen fibrous peat.
Tundra-boreal forest transition at Inuvik Landform
At Inuvik the area examined includes the gently undulating river terrace on which the settlement is located and the gently to moderately sloping upland plain to the east that rises to an altitude of about 300 feet. Both have a westerly aspect. The microtopography is rather similar to but less rough than that at Reindeer Depot.
Vegetation
The forest-tundra transition (Rowe 1959 ) is a continuous cover formed by the following dominant species: Picea mariana (black spruce), Betula pumila (birch), A h u s crispa (alder), Salix glauca. The continuous ground cover includes the following; Vaccinium vitis-idaea, Ledum palustris, Hylocomnium splendens (moss), Rosa spp., Petasites frigidus (sweet coltsfoot), Spiraea beauverdiana, and Peltigera aphthosa (lichen). The ground cover is low and sparse on the top of each knoll, higher and denser in the troughs.
Surficial geology and permafrost
In this area, fine-textured glacial till is underlain by argillite and dolomite of Devonian and earlier age, and contains more carbonates and sulfates than that at Reindeer Depot. Mackay (1963) reports that the gravelly delta of Boot Creek at Inuvik was laid down, in part, as a kame complex between ice to the west and the higher land to the east, and that a radiocarbon date of 8,000+ years for peat near the present river level at Inuvik .shows that the sea-level was not higher than at present. The active layer showed the same features as at Reindeer Depot. In the coarse-textured gravelly fan of Boot Creek permafrost was not seen in the face of the gravel pit owing to clearing and excavation, but previously the top of the permafrost layer had been at 3-to 4-feet depth (Pihlainen, pers. comm.) . In late August the depth of thaw ranged from 18 to 30 inches for clayey mineral soils with peaty cover to 51 inches for gravelly soil with peaty cover (Pihlainen 1962 ).
Soils
Two sites were selected to represent the common soils on the upland plain, and one to represent the maximum soil development present on gravelly material.
The first site (profile 3) is about 1.5 miles east of Inuvik. It is a microknoll near the middle of a 9-per cent west-facing slope. Soil profile 3 has the fol- Landform At Norman Wells the area includes the river terrace on which the settlement is located and the slopes rising to the hills in the northeast. The aspect is southwesterly. The topography is gently sloping (2 to 5 per cent) and level and the microtopography nearly smooth.
Vegetation
The vegetation is typical of boreal regions (Rowe 1959 
Chamaedaphne culyculata (leatherleaf).
Surficial geology and permafrost
The undulating alluvial terrace of the Mackenzie River rises to a gently sloping glacial till plain that in turn rises to a scarp composed of marine shale with local lenses of sandstone and of limestone, all of Devonian age (Stewart 1945) .
The ground was frozen (July 27) at depths of 2 feet under organic soils, 3 feet under mineral soils on inland sites with tree-moss cover, and at more than 4 feet on the terrace adjacent to the riverbank under trees and sparse ground cover. R. J. E. Brown (pers. comm.) states that this situation is general in the area.
Soils Boreal forest at Norman Wells
Three sites were selected to represent the common soils of the area. Two are near the upper limit of the area in which the glacial till is covered by alluvium and the other is on alluvium.
The first site (profile 6 ) is located about 1.5 miles northeast of the airport and represents the best-drained soils. The slope is 6 per cent with a southern aspect. The parent material is loam alluvium over loam till. Profile 6 has the following characteristics:
Depth Horizon inches Description
-3
L Roots of moss, lichen and spruce needles.
-0
F
Moderately decomposed woody litter; pH 6.5.
-7
Bm Brown (7.5YR 4/4) silt loam; friable; moderate, medium granular; boundary abrupt and smooth; noncalcareous; pH 7.2.
to amorphous; stony below a depth of 11 inches; weakly mottled in lower part; calcareous; pH 7.5; free water below a depth of 12 inches.
-24
IICk Dark-brown (IOYR 3/3) gravelly loam; weak, fine granular
At the top of the mineral soil there is a discontinuous grey layer about 0.1 inch thick. The soil is frozen below a depth of about 3 feet.
The second site (profile 7) represents the alluvial deposits of the Mackenzie River and is located about There is a discontinuous grey layer about 0.25 inch thick at the top of the mineral soil (Ae). Frozen layers are absent to a depth of 4 feet.
The third site (profile 8) represents the poorly drained soils in the higher upland area and is located about 1 mile northeast of the airport. The topography is level to very gently sloping and the parent material is loamy alluvium over loam glacial till. Profile 8 has the following characteristics: Depth Horizon inches
-5
L
Moss roots. 
-0
Chemical, physical, and mineralogical characteristics of the soils
Chemical analysis (Table 2) shows that profiles 1 and 2 from Reindeer Depot have certain features not found in the other soils. The pH values are low in the surface horizons, increasing slightly with depth. The organic matter content is medium in horizons 4 and 5 and increases markedly in horizon 6. The saturation percentage in horizon 7, profile 1, suggests the possible presence of calcareous parent material below the active layer (solum). For this reason numbers were used to designate horizons, rather than the letter symbols used for the other profiles.
Profiles 3 and 4 from Inuvik also have strongly acidic surface mineral horizons, but their parent materials are nearly neutral to moderately alkaline. They have lower organic matter contents in all horizons (excepting the Ah in profile 4), and lack the organic matter-rich substrata present in profiles 1 and 2.
Profile 5 from Inuvik has a well-developed free-iron profile. Although the values are very high, they clearly indicate eluvial (Ae) and illuvial (Bf) horizons.
Profiles 6, 7 and 8 from Norman Wells have strongly acidic to neutral surface horizons and alkaline parent materials. None of the profiles has an organic matter-rich subsoil as those present in profiles 1 and 2. The mechanical analyses (Table 3) show that in profiles 1 and 2 the amount of fine clay was greatest at the lowest depth, whereas in profiles 3 and 4 it was greatest at the surface. The total clay in profiles 1 and 2 tends to increase with depth whereas it tends to decrease with depth in profiles 3 and 4. In profiles 5 to 8 there is considerable textural variation with depth. A summary of the mineralogical analysis is given in Table 4 . Generally there were only slight variations between horizons and between profiles. Profiles 1 and 2, and profiles 3 and 4 were very similar, and have been grouped together, even though there was only slight variation among all four. The coarse clay fraction ( Fig. 1 shows profile 2 as an example) was largely mixed-layer montmorillonite-illite, quartz and kaolinite, plus small amounts of feldspar. The fine clay fraction differed from the coarse clay in being free of quartz. Profile 5 differed from the others mainly in lacking the mixed-layer montmorillonite -illite in both clay fractions and in lacking illite and kaolinite in the fine clay fraction. The differential thermal analysis substantiated the X-ray analysis in all profiles.
Discussion and conclusions
Since profile 1 was located near the crest of a gentle slope and had strong, randomly oriented, microtopography and weak or absent solifluction lobes, the organic matter-rich horizon 6 is attributed to the process of differential freezing and thawing postulated by Mackay et al. (1958 Mackay et al. ( , 1961 .
Considering that the soil colour in the upper horizons was of low chroma and mottling was absent, and that the chemical data indicate a relatively limited stage of weathering, the soil is therefore regosolic in character. have described Regosols as a group of youthful soils, usually with permafrost at from 4 to 6 feet, that lack a genetic profile. The radio-carbon date of S,OOO+ years B.P. for peat at Inuvik (Mackay 1963) indicates that profile 1 is regosolic by virtue of the short time since frost action disrupted any morphological features then present and buried the organic material present in horizon 6. In the Canadian system of classification profile 1 is a Subarctic Orthic Regosol. In the system proposed in the 7th approximation (U.S.D.A. 1960) it is an Orthic Cryudent.
Profile 2, located near the toe of a long gentle slope, has developed under wetter conditions than profile 1. The chroma of 4 in the surface mineral horizon, the distribution of free iron and the lower base saturation values, indicate that this profile has had a longer time since frost action buried the organic material present in horizon 4 or more favourable conditions in which to develop its morphology than profile 1. The differences in clay content with depth are thought to be inherited from the parent material. The Arctic Bro soils described in Alaska (Tedrow and Hill 1955 , Drew and Tedrow 1957 and Hill and Tedrow 1961 ) have A horizons containing 11 to 19 per cent organic matter, whereas profile 2 has only 5 per cent at the surface and shows little variation with depth, above horizon 4. Profile 2 has characteristics more closely related to those described for the Upland Tundra group in Alaska (Tedrow et al. 1958, Douglas and Tedrow 1960) . In the Canadian system of classification this soil is best classified as a Subarctic Gleyed Acid Brown Wooded, and as an Orthic Cryaquent in the U S . 7th approximation. Profile 3 has a chroma of 4 in the Bml horizon. The free-iron content and base saturation are lower in the B than in the C horizon, indicating a weak podzolic process. The low organic matter content throughout the profile is a characteristic that differentiates this soil from the Arctic Brown group. The trends in clay contents evident in Table  3 are thought to be inherited from the parent materials. However, the greater total clay content in the surface horizons over the subsoils, like that reported in Arctic Brown soils Hill 1955, Hill and Tedrow 1961) , may have resulted from frost effects (Corte 1962) . In the Canadian classification scheme it is classified as a Subarctic Brown Wooded. In the U.S. 7th approximation it is an Orthic Cryudent.
Profile 4 differs from profile 3 in having a thin Ah horizon and lower chroma in the Bm horizon. It is classified the same as profile 3.
Profile 5 has well-developed eluvial (Ae) and illuvial (Bf) horizons although they are thinner than comparable horizons in Podzols in southern Canada. have suggested that such a soil could possibly develop in northern Alaska. Its presence at Inuvik is attributed to the permeable, gravelly sandy loam parent material. It is classified as a Subarctic Minimal Podzol in the Canadian system and an Orthic Cryochrept in the U.S. 7th approximation.
Profiles 6 and 7 have brown sola and resemble profile 3 in most respects.
They are classified in the same way.
Profile 8, developed under the influence of poor drainage, has an Ah horizon high in organic matter. It is classified as a Subarctic Peaty Carbonated Rego Humic Gleysol in the Canadian system and as a Histic Umbreptic
Cryaquept in the US. 7th approximation.
